The Muon g-2 experiment at Fermilab will measure the anomalous magnetic moment of the muon to a precision of 140 parts per billion, which is a factor of four improvement over the previous E821 measurement at Brookhaven. The experiment will also extend the search for the muon electric dipole moment (EDM) by approximately two orders of magnitude. Both of these measurements are made by combining a precise measurement of the 1.45T storage ring magnetic field with an analysis of the modulation of the decay rate of the higher-energy positrons from the (anti-)muon decays recorded by 24 calorimeters and 3 straw tracking detectors. The current status of the experiment as well as results from the initial beam delivery and commissioning run in the summer of 2017 will be discussed.
Overview
The Muon g-2 experiment at Fermilab is designed to measure the anomalous magnetic moment of the muon to high precision [1] . It is an improved version of an experiment at BNL called E821, which measured the value to be approximately three standard deviations away from the theoretical value [2] . Such an interesting possibility of new physics in a precision experiment makes the new measurement extremely important. The experiment is designed to make the measurement more precisely and potentially indicate whether or not there is really a sign of new physics in this sector.
In Dirac theory, the g factor relates the spin and the magnetic moment of the muon and is exactly two [3] . However, higher order effects cause the value to be slightly different, and this deviation from two is known as the anomaly, namely a µ =(g-2)/2. If the anomaly varies from the standard model expectation, it can indicate new physics, such as a heavy W in certain SUSY models [4] . This anomaly is the value the Muon g-2 experiment is designed to measure, and also contributes to its name.
The standard model value of a µ is estimated separately by theorists. It has several parts: quantum electrodynamics (QED) [5] , electroweak (EW) [6] , hadronic vacuum polarization (HVP) [7, 8] and hadronic light-by-light (HLbL) [9] . As can be seen in Table 1 , the QED and EW parts are known very well. The others, being hadronic terms, are less well known and are estimated using various techniques, including data from other experiments (such as e+e-to hadrons), and lattice calculations.
The E821 [2] measurement at BNL, corrected for updated constants [10] and given in [1] , is a E821 µ = 116592089 ± 63 × 10 −11 (54 ppm). The uncertainty is slightly larger than the standard model calculation uncertainty. It is expected that the current experiment will be able to measure the value with an uncertainty approximately four times lower, 0.14ppm. If this happens and the central value remains the same, the deviation of a µ from the standard model expectation would be at least 5 sigma. Expected improvements to the understanding of the standard model value would give a deviation of 8 sigma under these same assumptions [1] . Table 1 : Standard model components of the anomaly, taken directly from [1] . Two values are shown for HVP to reflect two recent estimates. The terms lo and ho indicate lower order and higher order, respectively. Other terms are defined in the text.
Values in 10 −11 units QED (γ + l) 116584718.951 ± 0.009 ± 0.019 ± 0.007 ± 0.077 HVP(lo) [7] 6923 ± 42 HVP(lo) [8] 6949 ± 43 HVP(ho) [8] -98.4 ± 0.7 HLbL 105 ± 26 EW 153.6 ± 1.0 Total SM [7] 116591802 ± 42 H−LO ± 26 H−HO ± 2 other ( ±49 tot ) Total SM [8] 116591828 ± 43 H−LO ± 26 H−HO ± 2 other ( ±50 tot )
The Muon g-2 Experiment
Although the Muon g-2 experiment is located at Fermilab, the similarities in design to E821 suggested the reuse of several parts from the BNL experiment. Thus, it was decided to move various components across the country, most notably the 15 ton cryostat ring, which was moved by barge and truck, with the requirement that the superconducting coils not flex by more than 3mm. In the summer of 2015 the dipole magnet and cryo-system were assembled at Fermilab and achieved the 1.45 Tesla field, indicating a successful transport.
The muons for the storage ring are produced by the Fermilab accelerator complex. The source protons are reused from the Tevatron operations, and they collide with an Inconel target to produce pions. These pions enter a long delivery ring where they decay to muons and neutrinos before entering the Muon g-2 storage ring as a polarized positively charged muon beam. The extra time between the target and the storage ring helps to reduce beam contamination. The new experiment expects a factor of 20 increase in muon statistics over the BNL experiment and which will reduce the statistical error to 0.1 ppm.
In brief, the experiment consists of a cryo-system surrounding C-shaped dipole magnets, which contain rectangular vacuum chambers with electrostatic quadrupole plates and kicker plates inside, depending on the region of the ring. The magnets and quadrupole plates work in tandem to keep the muons in the proper location after the kickers move the beam into a stable circular orbit. Other components include an inflector magnet to reduce the field as the beam enters the ring, collimators to control the beam, a beam monitoring system, and a trolley that rides around inside of the ring under vacuum to measure the magnetic field with NMR probes. Detector systems include both straw trackers and lead crystal calorimeters with multiple readout channels. The dipole magnet system is C-shaped to allow less material between the calorimeters and the muon decay points.
Most major components like the vacuum chambers for the storage ring, dipole magnets, and electro-static quadrupole plates were reused from the E821 experiment. However, these components were disassembled and reassembled, including re-shimming the magnet to create a constant field and realigning the quadrupole plates. Vacuum chambers were modified to include new systems inside the storage ring. Many smaller components for these various sub-systems are new, and in some cases the assembly procedures are also different than those from E821. Other changes include improved calorimeter resolution and calibration system, and the presence of a straw tracking system, which is completely new for the current experiment. The kicker plates were redesigned, as were the collimators. Additionally, a thinner quadrupole plate was added near the region of beam entry, to reduce muon losses before the beam is kicked into orbit by the kickers, which are located 90 degrees down the ring from the beam entry position.
The Measurement Procedure
There are two quantities that compose the measurement of a µ , namely ω a and ω p . The value ω a is the precession frequency of the muon with respect to the momentum, which is measured via high energy decay positrons, and ω p is the magnetic field (B) normalized to the proton lamour frequency. The spin and cyclotron frequencies can be combined to give a µ in terms of ω a , B, and the charge over mass ratio. This can then be rewritten in terms of ω a /ω p and the muon, proton magnetic moment ratio from hyperfine splitting, which is obtained elsewhere. Additionally, if one were to write out the full form of ω a , one would notice an electric field term. This term will be zero with the appropriate choice of muon momenta, 3.09 GeV/c, known colloquially as the magic momentum, and corresponding to a magic radius (which sets the radius of the storage ring). Of course, not all muons will have this exact momentum, and this is accounted for as an analysis uncertainty. This experiment technique also makes alignment efforts particularly important.
The value of ω p is obtained from measurements of the magnetic field, which is designed to be as constant as possible. There is a device called a trolley which has NMR probes mounted on it and traverses the storage ring where the beam is located (when the beam is off). A second larger trolley was also used to make measurements before the installation of the storage ring vacuum chambers, to have access to higher order field modes. Additionally, there are NMR probes permanently fixed to the tops and bottoms of the storage ring vacuum chambers. These can run when the beam is on or off and are used to relate the NMR trolley measurement to a beam-on measurement. Finally, absolute measurements are taken in a particular region of the ring using specialized probes, and the relative NMR measurements are related to this.
The quantity ω a is obtained from high energy positron data. Calorimeters in 24 stations around the ring record energy deposits from these particles and are used to make the so-called wiggle plot, which shows a varying number of events with time in an oscillatory pattern (in addition to the normal decrease due to a finite number of particles decaying). Additional information from tracker systems and others help to reduce lost muon contamination and estimate various uncertainties on the measurement.
2017 Commissioning Run
In the summer of 2017, the Muon g-2 experiment had a short commissioning run to test the systems and procedures, during which the accelerator complex ran with a reduced rate relative to the physics run plan. On May 23, the first particles were delivered to the ring and beam splash was seen in the calorimeters. The run ended July 7. Over the course of the run, the experiment was able to achieve particles circulating through the full storage ring and demonstrated the operations of all systems. In Figure 1 we see a distribution of energies detected in the calorimeters, with peaks corresponding to lost muons and protons. In Figure 2 , a reconstructed track is shown in two spatial dimensions, compared to the magic radius location, of a positron that traversed several straws, again demonstrating an operational system. Finally, in Figure 3 , the so-called wiggle plot is shown for the commissioning data, along with a preliminary analysis fit. This distribution was created from two weeks of data taken in June of 2017 and contains approximately 700,000 positrons. The statistics correspond to results similar to that of the older CERN-II experiment which preceded E821 [11] .
Overall, the run was quite successful. The next run, which will be used for physics data analyses, will take place primarily in 2018. It will be preceded by a second commissioning phase that began in November of 2017 as systems were restarted. 
Summary and Plans
The Muon g-2 experiment is entering an exciting data taking phase. The machine is assembled and operational, and capable of producing the various quantities needed to make the intended measurement. It is expected that the new experiment will improve the uncertainty on the measured value versus the previous measurement by a factor of four. With the data taken in 2018, the Muon g-2 experiment has the potential to finally resolve the tension of the previous result and the standard model calculation.
